Eichacker PQ. Anthrax edema toxin has cAMP-mediated stimulatory effects and high-dose lethal toxin has depressant effects in an isolated perfused rat heart model. Am J Physiol Heart Circ Physiol 300: H1108 -H1118, 2011. First published January 7, 2011; doi:10.1152/ajpheart.01128.2010.-While anthrax edema toxin produces pronounced tachycardia and lethal toxin depresses left ventricular (LV) ejection fraction in in vivo models, whether these changes reflect direct cardiac effects as opposed to indirect ones related to preload or afterload alterations is unclear. In the present study, the effects of edema toxin and lethal toxin were investigated in a constant pressure isolated perfused rat heart model. Compared with control hearts, edema toxin at doses comparable to or less than a dose that produced an 80% lethality rate (LD 80) in vivo in rats (200, 100, and 50 ng/ml) produced rapid increases in heart rate (HR), coronary flow (CF), LV developed pressure (LVDP), dP/dt max, and rate-pressure product (RPP) that were most pronounced and persisted with the lowest dose (P Յ 0.003). Edema toxin (50 ng/ml) increased effluent and myocardial cAMP levels (P Յ 0.002). Compared with dobutamine, edema toxin produced similar myocardial changes, but these occurred more slowly and persisted longer. Increases in HR, CF, and cAMP with edema toxin were inhibited by a monoclonal antibody blocking toxin uptake and by adefovir, which inhibits the toxin's intracellular adenyl cyclase activity (P Յ 0.05). Lethal toxin at an LD 80 dose (50 ng/ml) had no significant effect on heart function but a much higher dose (500 ng/ml) reduced all parameters (P Յ 0.05). In conclusion, edema toxin produced cAMP-mediated myocardial chronotropic, inotropic, and vasodilatory effects. Vasodilation systemically with edema toxin could contribute to shock during anthrax while masking potential inotropic effects. Although lethal toxin produced myocardial depression, this only occurred at high doses, and its relevance to in vivo findings is unclear.
protective antigen and edema factor (18, 21, 28, 38) . Protective antigen mediates the cellular uptake of the two toxigenic components, lethal and edema factors. Lethal factor is a zinc metalloprotease that inactivates MAPK kinases (18) . Edema factor has highly active calmodulin-dependent adenyl cyclase activity that acts to perturb PKA-dependent signaling (21, 25) . While lethal toxin and edema toxin are associated with the development of shock during anthrax, the mechanisms underlying these effects remain unclear (28) .
One group (36, 37) has shown that rapid edema toxin administration in rats produces hypotension and tachycardia and reduced left ventricular (LV) volumes but not other cardiac parameters. In this and a canine model, lethal toxin decreased LV function (4, 36, 37) . This group concluded that edema toxin's recognized effect on tissue edema formation likely reduced preload and induced secondary hypotension and tachycardia. Lethal toxin, on the other hand, appeared capable of depressing myocardial function (9, 36, 37) .
We (6, 8, 30) have shown in both rat and canine models that lethal 24-h edema toxin infusions also produce rapid hypotension and tachycardia. In canines, edema toxin reduced central venous pressure and systemic vascular resistance and increased the cardiac index but did not alter the LV ejection fraction (LVEF) (30) . The effects of edema toxin in both models persisted after the toxin infusion was stopped. Of note, however, edema toxin was not associated with hemoconcentration, which might have been expected if substantial extravasation of fluid had occurred (6, 30) . Based on edema factor's adenyl cyclase activity, these changes appeared potentially related to direct chronotropic or systemic vasodilatory effects. In these same models, lethal toxin produced gradual hypotension not initially associated with tachycardia and progressive (over days) decreases in LVEF (30) . Thus, consistent with findings from other laboratories, shock with lethal toxin may be related in part to myocardial dysfunction (9, 22, 36, 37) .
It is presently unclear, however, whether edema toxin and lethal toxin alter myocardial function directly or indirectly via their effects on preload or afterload. Therefore, we investigated edema toxin and lethal toxin in a constantpressure isolated perfused Sprague-Dawley rat heart model. We hypothesized that edema toxin would have chronotropic and potentially inotropic effects via cAMP-mediated mechanisms. We also hypothesized that lethal toxin would depress myocardial function, although it was unclear whether the model would provide sufficient time to measure such changes. Differing doses of each toxin were first assessed. We then investigated the inhibition of edema toxin with either protective antigen-directed monoclonal antibody (PA mAb) or adefovir, an antagonist of edema factor adenyl cyclase activity (27) . We also compared edema toxin and dobutamine, an agent with recognized cAMP-mediated myocardial effects (34) . Effluent and myocardial cAMP levels were measured during edema toxin perfusion. Finally, we compared the effects of lethal toxin in two strains of rats previously shown to either be sensitive (Sprague-Dawley) or resistant (Lewis) to this toxin's lethal effects (23) .
MATERIALS AND METHODS

Animal Care
The protocol used in the present study was approved by the Animal Care and Use Committee of the Clinical Center of the National Institutes of Health.
Study Designs
Constant-pressure nonrecirculating or recirculating isolated Langendorff perfused heart models investigated the effects of edema toxin or lethal toxin on Sprague-Dawley or Lewis rat hearts (male rats, 225-275 g) in the following experiments (Table 1) .
Experiment 1: effect of differing edema toxin doses. Hearts were perfused in a nonrecirculating model with edema toxin at 50, 100, or 200 ng/ml (n ϭ 5 each), diluent alone (n ϭ 11), or protective antigen alone (n ϭ 8). The protective antigen control dose was equivalent to the dose used in the corresponding toxin preparation (see Toxin and Treatments).
Experiment 2: effect of edema toxin inhibition with PA mAb. To examine whether the cellular uptake of edema factor is necessary for edema toxin's myocardial effects, hearts were perfused in a recirculating model with edema toxin alone (50 ng/ml), edema toxin plus PA mAb (10ϫ the protective antigen molar dose), protective antigen plus PA mAb, or protective antigen alone (n ϭ 6, 5, 7, and 11, respectively).
Experiment 3: effect of edema toxin inhibition with adefovir. To examine whether cAMP production is necessary for edema toxin's myocardial effects, hearts were perfused in a recirculating model with Hearts were perfused in a nonrecirculating model with edema toxin alone (50 ng/ml), dobutamine alone (12.5 ng/ml), or diluent (n ϭ 6, 5, and 5, respectively). This dobutamine dose was determined based on pilot experiments described below.
Experiment 5: effect of edema toxin on myocardial and effluent cAMP levels. Hearts were perfused in a nonrecirculating model with edema toxin alone (50 ng/ml), edema toxin plus PA mAb, edema toxin plus adefovir (0.001 M), or protective antigen alone (n ϭ 4 for each group), and effluent and myocardial cAMP levels were measured.
Experiment 6: effect of differing lethal toxin doses on heart function. Hearts were perfused in a nonrecirculating model with lethal toxin (50 or 500 ng/ml, n ϭ 5 each) or diluent or protective antigen alone (n ϭ 19; same controls as in experiment 1).
Experiment 7: comparison of the effects of lethal toxin in SpragueDawley versus Lewis rat hearts. To examine whether the resistance to the lethal effects of lethal toxin observed in vivo in Lewis rats (23) was reproducible in an isolated heart model, hearts from SpragueDawley and Lewis rats were perfused in a nonrecirculating model Values are means Ϯ SE. *Controls included animals receiving diluents of edema toxin or PA alone. †Controls included animals receiving toxin diluents with PA-mAb, PA alone, or PA with PA mAb. ‡Controls included animals receiving toxin diluents with adefovir or PA with diluents of adefovir. , LV dP/dtmax (in mmHg/s; E), and LV dP/ dtmin (in mmHg/s; F) from experiments using either nonrecirculating or recirculating perfusion systems. The baseline data that these changes were calculated from are shown in Table 2 . The nonrecirculating system was used in the experiment testing the dose responses of edema toxin (ETx), whereas the recirculating system was used for the two experiments testing the inhibition of ETx with either protective antigen (PA)-directed mAb (PA mAb) or adefovir. These controls include hearts perfused with either diluent alone, PA alone, PA mAb without toxin, or adefovir without toxin (see MATERIALS AND METHODS and Table 1 ).
with lethal toxin at 500 ng/ml (n ϭ 3, Sprague-Dawley rats only) or 2,500 ng/ml (n ϭ 3 and 6 for Sprague-Dawley and Lewis rats, respectively) or protective antigen alone (n ϭ 7).
Langendorff Model
Rats were anesthetized with isoflurane and anticoagulated with heparin (500 IU/kg iv) (29) . Hearts were excised rapidly and arrested in cold (4°C) Krebs-Henseleit (KH) buffer with 2 mM sodium pyruvate (14, 29, 35) . A cannula was inserted in the aorta, and the heart was perfused retrograde at constant pressure (95 cmH 2O) with KH buffer gassed with 95% O2-5% CO2 at 37°C and filtered through a 5-m filter. As previously described, a waterfilled latex balloon connected to a water column and a pressure transducer were introduced into the LV (29) . LV end-diastolic pressure (LVEDP) was then adjusted to between 4 and 8 mmHg. Hearts were allowed to equilibrate for 30 min, and baseline readings of LV systolic pressure (LVSP; in mmHg), LVEDP (in mmHg), heart rate (HR; in beats/min), and coronary flow (CF; in ml/min) were then measured (ML880P PowerLab 16/30 with LabChart Pro, AD Instruments, Colorado Springs, CO). If baseline LVSP was Յ80 mmHg, HR was Յ200 beats/min, or CF was Յ 8ml/min, hearts were excluded.
Nonrecirculating model. Hearts were perfused with fresh KH buffer over the entire experiment (240 min). Edema toxin, lethal toxin, or dobutamine were infused alone or with treatment through a three-way stopcock at 1/100 the perfusion flow rate starting after equilibration and continuing for 60 min. Hearts were then observed for an additional 180 min except for experiment 5, in which hearts were taken for cAMP measures after 30 min of observation (see below).
Recirculating model. Hearts were perfused first with fresh KH buffer with 0.2 ml/L antifoaming reagent (FoamAway, Invitrogen, Carlsbad, CA) and then with 300 ml of the same KH buffer premixed with edema toxin alone or in combination with PA mAb or adefovir starting after the equilibration period. The coronary effluent was constantly pumped back into the top reservoir through a 5-m filter.
Data Collection
Two to four hearts were studied daily, with control and experimental hearts investigated concurrently. Data, including HR, LV developed pressure (LVDP ϭ LVSP Ϫ LVEDP; in mmHg), rate-pressure , LV dP/dtmax (E), and LV dP/dtmin (F) in a nonrecirculating model. The shaded area represents when toxin was administered. Levels of significance are shown for the overall effect of toxin with placebo versus control (no toxin) (p ␣ ) and the interaction between these effects and time (p ␤ ). As described in MATERIALS AND METH-ODS, for statistical analysis serial changes from baseline with ETx were compared with serial changes from baseline in controls. However, for clarity in A-F, the serial effects of challenge (i.e., toxin minus control) are shown.
product (RPP ϭ LVDP ϫ HR, in mmHg · beats · min Ϫ1 ), maximal rate of change in LV pressure (dP/dtmax; in mmHg/s), and minimal rate of change in LV pressure (dP/dtmin; in mmHg/s), were recorded continuously. Coronary effluent was collected for CF measurements every 30 min.
Toxin and Treatments
In all experiments except for experiment 7 (comparison of Sprague-Dawley and Lewis rats), toxin components (protective antigen, lethal factor, and edema factor) were recombinant proteins prepared from Escherichia coli as previously described (5, 13, 20) . Edema toxin and lethal toxin were composed of edema or lethal factors, respectively, with protective antigen in ratios of 1:2 on the basis of weight (the molecular weights of all three components are very similar). The dose of edema toxin and lethal toxin reported for each experiment reflects the dose of edema or lethal factor used. In toxin dose-response experiments, the initial dose of each toxin investigated (200 ng/ml edema toxin and 50 ng/ml lethal toxin) was equivalent to doses producing an 80% lethality rate (LD 80) when administered in the rat in vivo (6) . In the experiment comparing the effects of lethal toxin in Sprague-Dawley and Lewis rats (experiment 7), toxin components were recombinant proteins prepared from engineered B. anthracis strains as previously described (21, 24, 26) . The lethal factor protein used had the non-native HMAGG NH 2-terminal sequence. This preparation of toxin was used in prior experiments investigating the strain sensitivity of rats to the lethal effects of lethal toxin (23) . The preparation, when infused over 24 h in the Sprague-Dawley rat, has also been shown to produce hypotension similar to that occurring with lethal toxin prepared from E. coli (6, 8) .
The PA mAb (5H3, Human Genomic Sciences, Gaithersburg, MD) used is a human mAb directed against protective antigen. The dose of PA mAb used was 10 times the molar protective antigen dose administered and has been previously shown to improve survival in toxin-challenged rats (7) . Adefovir dipivoxil (Sigma Aldrich, St. Louis, MO) was dissolved in ethanol (1 mg/ml) and then diluted to a working solution using KH buffer. In pilot experiments, compared with higher adefovir doses (10 and 1 M), lower doses (0.1, 0.01, and 0.001 M) did not alter myocardial function in unchallenged hearts, so these were used in experiments. Both PA mAb and adefovir were mixed along with edema toxin in the 300 ml of KH buffer used in recirculation experiments. , LV dP/dtmax (E), and LV dP/ dtmin (F) in a recirculating model. In this model, hearts were exposed to toxin and treatment throughout the entire perfusion period. Levels of significance are shown for the overall effect of toxin with placebo versus control (no toxin) and versus toxin with PA mAb (p ␣ ) and the interaction between these effects and time (p ␤ ). As described in MATERIALS AND METHODS, for statistical analysis serial changes from baseline with ETx with or without PA mAb were compared with serial changes from baseline in controls. However, for clarity in A-F, the serial effects of ETx alone or with treatment (i.e., toxin with or without PA mAb minus control) are shown. Dobutamine (Bedford Laboratories, Bedford, OH) was diluted in KH buffer. In pilot experiments testing 60-min perfusions with dobutamine in concentrations of 6.25, 12.5, 25, and 50 ng/ml, the two higher doses produced early increases rapidly followed (i.e., within 2-3 min) by decreases in HR and LVDP. In contrast, the two lower doses produced increases in these parameters that persisted during perfusion. Therefore, to compare the effects of dobutamine and edema toxin, a dobutamine dose of 12.5 ng/ml was used.
cAMP and Myocardial Biomarker Measurements
Coronary effluent was collected and frozen on dry ice every 15 min from 0 to 90 min, after which experiments were stopped and heart tissue was frozen in liquid nitrogen. Samples were then immediately assayed for cAMP in triplicate (cAMP Biotrak Competitive Enzyme Immunoassay System, GE Healthcare, Buckinghamshire, UK) by investigators blinded to the study groups. In initial experiments using the recirculating system, cAMP levels were undetectable in both effluent and tissue samples. This was thought potentially to be due to diffusion of excess cAMP out of myocardial tissue and then dilution in the large recirculating volume used. When the experiments were repeated in a nonrecirculating system, cAMP levels were detectable, and these are the results reported. In toxin dose-response experiments, coronary effluent from hearts receiving the highest dose of each toxin tested (i.e., 200 ng/ml edema toxin and 500 ng/ml lethal toxin) were collected at baseline and at 120 and 240 min for measurements of cardiac myosin light chain-1 and troponin using ELISA (Life Diagnostics, West Chester, PA).
Statistical Analysis
Serial changes from baseline were calculated for all parameters except cAMP levels. Continuous data (i.e., HR, LVDP, RPP, dP/ dt max, and dP/dtmin) were averaged over 15-min intervals for each heart. Repeated-measures ANOVA (one or two way, dependent on the comparison) accounting for time and toxin or treatment was performed using PROC MIXED in SAS version 9.2 software (SAS Institute, Cary, NC). In an initial analysis to examine and compare the stability of heart function with the nonrecirculating and recirculating perfusion systems, control hearts (i.e., not perfused with toxin) were analyzed from the toxin dose-response experiments (nonrecirculating) Fig. 4 . Serial effects (means Ϯ SE) of ETx with or without adefovir compared with controls on HR (A), coronary flow (B), LVDP (C), RPP (D), LV dP/dtmax (E), and LV dP/dtmin (F) in a recirculating model. In this model, hearts were exposed to toxin and treatment throughout the perfusion period. Levels of significance are shown for the overall effect of toxin with placebo versus either control (no toxin) and versus toxin with adefovir (p ␣ ) and the interaction between these effects and time (p ␤ ). As described in MATERIALS AND METH-ODS, for statistical analysis serial changes from baseline with ETx with or without adefovir were compared with serial changes from baseline in controls. However, for clarity in A-F, the serial effects of ETx alone or with treatment (i.e., toxin with or without adefovir minus control) are shown.
and from the experiments testing PA mAb and adefovir with edema toxin (recirculating). Data for this analysis is shown in Fig. 1 as serial changes from baseline for the respective control groups. In subsequent analyses, serial changes from baseline with toxin or with toxin and treatment were compared with serial changes in controls. However, for clarity in the figures, the serial effects of challenge (i.e., toxin or toxin plus treatment minus the relevant control) are shown. For cAMP data, serial mean data (ϮSE) are shown. Two-sided P values of Յ0.05 were considered significant.
For the toxin dose-response experiments, the effects of diluent alone and protective antigen alone on all cardiac parameters were not significantly different, so these groups were combined as controls. In experiments with PA mAb or adefovir, the effects of protective antigen alone and protective antigen with either PA mAb or adefovir, respectively, on all cardiac parameters were also not significantly different. Therefore, these groups were combined as controls to assess the effects of toxin with or without treatment. Finally, since the influence of the three adefovir doses on the myocardial effects of edema toxin did not differ significantly, they were combined in analysis. Figure 1 shows a comparison of controls from the nonrecirculating and recirculating perfusion models. Compared with baseline, control hearts in the nonrecirculating model used for the edema toxin dose-response experiment (see Table 1 ) demonstrated progressive decreases in HR, CF, LVDP, RPP, and dP/dt max and increases in dP/dt min across the 240-min observation period that were significant (P Յ 0.04). These changes (5-10%/h) were consistent with changes previously reported with this model (29) . Control hearts in the recirculating model used for the experiments testing edema toxin inhibition with PA mAb or adefovir (see Table 1 ) also demonstrated reductions in HR, CF, LVDP, RPP, and dP/dt max and increases in dP/dt min by the end of observation. These all occurred in Fig. 5 . Serial effects (means Ϯ SE) of ETx (50 ng/ml) or dobutamine (12.5 ng/ml) compared with controls on HR (A), coronary flow (B), LVDP (C), RPP (D), LV dP/dtmax (E), and LV dP/dtmin (F) in a nonrecirculating model. The shaded area represents when toxin or dobutamine was administered. Levels of significance are shown for the overall effect of toxin versus control and toxin versus dobutamine (p ␣ ) and the interaction between these effects and time (p ␤ ). As described in MATERIALS AND METHODS, for statistical analysis serial changes from baseline with ETx or dobutamine were compared with serial changes from baseline in controls. However, for clarity in A-F, the serial effects of challenge (i.e., ETx or dobutamine minus control) are shown.
RESULTS
Comparison of Controls from Nonrecirculating and Recirculating Perfusion Models
patterns that did not differ significantly in these toxin inhibition experiments except for dP/dt min (P ϭ 0.03). Overall, however, changes in LVDP, RPP, dP/dt max , and dP/dt min occurred more slowly in the recirculating model compared with the nonrecirculating model (P Յ 0.04).
Effects of Differing Edema Toxin Doses on Heart Function
The effects of differing edema toxin doses on heart function are shown in Fig. 2 . Compared with controls (see Table 1 ), the two higher edema toxin doses (100 and 200 ng/ml) produced early increases in HR, CF, LVDP, RPP, and dP/dt max that then returned to or were less than control levels later in patterns that were significant for all parameters except CF. These two edema toxin doses also produced early decreases in dP/dt min that returned to control levels later. In contrast, the lowest edema toxin dose (50 ng/ml) produced increases in HR, CF, LVDP, RPP, dP/dt max and decreases in dP/dt min that were significant for all except for LVDP (P ϭ 0.06) and became progressively greater over time for all except for CF. Since lethal doses of edema toxin in in vivo experiments caused persistent tachycardia but did not depress LVEF (6, 30) , edema toxin at 50 ng/ml was investigated in subsequent experiments. Compared with controls, the highest edema toxin dose (200 ng/ml) did not alter myocardial enzymes levels (myosin light chain-1 and troponin) significantly in the effluent (data not shown), and measures were not made for lower edema toxin doses.
Effects of Edema Toxin Inhibition With Either PA mAb or Adefovir and the Comparison of Edema Toxin and Dobutamine
The effects of edema toxin inhibition with PA mAb are shown in Fig. 3 and those with adefovir are shown Fig. 4 . The comparison of edema toxin and dobutamine is shown in Fig. 5 . Similar to the dose-response experiment noted above, in each experiment shown in Figs. 3-5, compared with control hearts (see Table 1 ), edema toxin increased HR, CF, LVDP, RPP, and dP/dt max and decreased dP/dt min in patterns that were significant (P Յ 0.05 for the toxin effect or time interaction for all except for LVDP in Fig. 3 ). Compared with edema toxin alone, PA mAB treatment decreased the effects of edema toxin on HR, CF, RPP, dP/dt max and increased dP/dt min in patterns that were only significant for HR and CF (see P values in Fig. 3) . Decreases in the effect of edema toxin on HR with PA mAb were greater over time. Adefovir treatment decreased the effect of edema toxin on HR and CF in patterns that were greater over time for the former but not the latter (see Fig. 4 for P values). Compared with controls, dobutamine caused early increases in HR, RPP, dP/dt max and decreases in dP/dt min that quickly returned to control levels after the cessation of drug administration (P Յ 0.02 for the interaction with time). Overall, the effects of edema toxin and dobutamine on all six parameters were very different over time (P Յ 0.04 comparing the effects of edema toxin vs. dobutamine). Figure 6 shows the effects of edema toxin alone or in combination with PA mAb or adefovir on myocardial and effluent cAMP levels. Compared with control hearts (see Table   1 ), perfusion with edema toxin alone significantly increased myocardial cAMP levels measured at 30 min after termination of the 60-min edema toxin exposure period. Edema toxin also produced significant increases in cAMP in the effluent that were greater over time after the cessation of edema toxin. Treatment with PA mAb or adefovir in edema toxin-perfused hearts produced decreases in cAMP that were significant for the former but not the latter. These treatments also reduced effluent cAMP levels in patterns that were significant for the latter but not the former. Figure 7 shows the effects of differing lethal toxin doses on heart function. Compared with controls (see Table 1 ), the initial dose of lethal toxin tested (50 ng/ml) did not alter any parameter of heart function significantly. In contrast, a higher dose of lethal toxin (500 ng/ml) significantly decreased HR, CF, LVDP, RPP, and dP/dt max and increased dP/dt min in patterns that increased over time for all parameters except CF. Compared with controls, the high lethal toxin dose did not significantly alter myocardial enzyme levels (myosin light chain-1 and troponin) in the myocardial effluent (data not shown), and measures were not made for the low lethal toxin dose. 
Effects of Edema Toxin Alone or in Combination with PA mAb or Adefovir on Myocardial and Effluent cAMP Levels
Effects of Differing Lethal Toxin Doses on Heart Function
Comparison of the Effects of Lethal Toxin in SpragueDawley Versus Lewis Rat Hearts
The lethal toxin preparation used in this experiment (500 ng/ml) had limited effects on heart function in SpragueDawley rat hearts (data not shown). However, this preparation at a dose of 2,500 ng/ml decreased HR, dP/dt max , and RPP significantly in both Sprague-Dawley and Lewis rat strains and significantly decreased LVDP and increased dP/dt min in the latter (P Յ 0.02; data not shown) but not the former. Changes in HR in Lewis rats were greater at later time points (P ϭ 0.03 for the toxin effect and time interaction; data not shown).
DISCUSSION
Edema toxin had demonstrable effects in this perfused rat heart model at doses comparable to or less than those showing effects in vivo (6) . In both the nonrecirculating and recirculating models, the lower edema toxin dose tested consistently increased HR, CF, LVDP, RPP, and dP/dt max and decreased dP/dt min (Figs. 2-5 ). These changes were likely associated with edema toxin's known stimulatory effects on intracellular cAMP (Fig. 6) , since increased intracellular cAMP levels are known to produce chronotropic, inotropic, and vasodilatory effects (33) . Consistent with this, PA mAb, which inhibits edema factor-associated cAMP stimulation in vitro (5, 21), reduced edema toxin's induced increases in myocardial and effluent cAMP (Fig. 6 ) and in HR and CF (Fig. 3) . Also, adefovir, a nucleoside that competes with ATP for edema factor binding (27) , had similar inhibitory effects (Fig. 4) . Of note, while higher edema toxin doses produced early changes similar to those produced by the lower dose, these changes did not persist (Fig. 2 ) Thus, higher edema toxin doses, while likely also increasing cAMP levels early, may have subsequently reduced necessary substrate levels or elicited counterregulatory mechanisms that limited the continued expression of earlier stimulatory effects. , and LV dP/dtmax (E), and LV dP/dtmin (F) in a nonrecirculating model. The shaded area represents when the toxin was administered. Levels of significance are shown for the overall effect of toxin with placebo versus control (no toxin; p ␣ ) and the interaction between these effects and time (p ␤ ). As described in MATE-RIALS AND METHODS, for statistical analysis serial changes from baseline with lethal toxin were compared with serial changes from baseline in controls. However, for clarity in A-F, the serial effects of challenge (i.e., toxin minus control) are shown.
It is also noteworthy that while PA mAb and adefovir consistently and significantly reduced the effects of edema toxin on HR and CF, their influence on other myocardial parameters was less apparent. In the case of PA mAb, this may relate to an insufficient sample size, since treatment produced trends in reducing edema toxin-associated increases in RPP and dP/dt max . The lack of significant effects of PA mAb or adefovir on myocardial contraction with edema toxin may also relate to the doses of the agents used. However, the ratio of PA mAb to protective antigen administered was highly protective against edema toxin and lethal toxin challenge in vivo (1, 7) . In preliminary experiments with adefovir alone, higher doses manifested myocardial effects that would have confounded findings with edema toxin and were therefore not used. It is also possible that while the persistent effects of edema toxin on HR and CF are directly dependent on intracellular increases in cAMP, its inotropic effects require cAMP for activation but not continuation.
Dobutamine, an agent that also has cAMP-mediated myocardial effects (17, 33, 34) , produced rapid changes in both inotropic and chronotropic heart functions but only during its administration (Fig. 5) . In comparison, the myocardial effects of edema toxin were slower in development but then persisted after toxin administration was stopped. These differences may relate to the rate of cellular uptake and the stability of the agents. Dobutamine rapidly increases cAMP via ␤ 1 -adrenergic receptor activation and transmembrane signaling, which then promptly stimulates contractility and HR changes (33) . However, dobutamine is also rapidly metabolized, with a half-life of 2.4 min, and its stimulatory effects are transitory (17) . In contrast, edema factor must first gain access to the cell cytoplasm via protective antigen-mediated membrane translocation and then be activated by calmodulin to catalyze the synthesis of cAMP (21). After exposure to edema toxin, maximal cAMP levels were not reached for up to 60 min in vivo and up to 90 min in our model (Fig. 6) (21) . Furthermore, edema factor has a reported half-life of 2 h in the cytosol (19) , which may explain edema toxin's persistent effects in the present experiments.
The increase in CF observed with edema toxin in the present study is of particular interest (Figs. 2-5 ). Treatment with recognized vasodilators like adenosine, bradykinin, and nitroprusside increase CF in constant-pressure models (10, 31) , whereas vasoconstrictors like adrenaline or nitric oxide inhibitors decrease flow (3, 11) . Thus, the increases in CF observed with edema toxin in the present study may reflect direct coronary vasodilation. This finding suggests that edema toxin could contribute to anthrax-associated shock by producing direct systemic arterial and venous dilation independent of its effects on extravasation of fluid. Consistent with this, edema toxin caused rapid reductions in central venous and arterial blood pressures and systemic vascular resistance in canines without hemoconcentration (30) .
Lethal toxin administered at a dose comparable to one producing hypotension and mortality in vivo (6) had little observable effect on perfused heart function ( Fig. 7) . This finding is consistent with in vivo studies (8, 30) in which the hemodynamic changes of lethal toxin required 6 h or longer to develop. Whether the changes noted with the 10-fold greater lethal toxin dose used in the dose-response experiment are relevant to the toxin's in vivo effects is not clear. However, the results from the experiment comparing lethal toxin in SpragueDawley and Lewis hearts (experiment 7) do not support such a relationship. Sensitivity to lethal toxin-induced death in rats has been mapped to a single locus, rNlrp1 (23) . While variations in this genetic locus conferred differing survival benefits with lethal toxin in vivo, in experiment 7 rNlrp1 did not appear to differentially influence myocardial function. That is, hearts from the lethal toxin-resistant Lewis rat strain (expressing a Nlrp1 R allele) had similar myocardial responses to high doses of toxin as those from toxin-sensitive Sprague-Dawley rats (expressing a Nlrp1 S allele). Thus, protection with the Nlrp1R allele may involve nonmyocardial effects. Alternatively, the myocardial changes associated with these very high lethal toxin doses in the perfused heart model may not reflect those associated with lethality in vivo. A recent in vitro study (16) has suggested that lethal toxin may depress cardiomyocyte function via an NADPH oxidase-dependent mechanism.
Findings from this study have several clinical implications. They provide further evidence that edema toxin production during anthrax infection could contribute to hemodynamic dysfunction. Importantly, increases in CF raise the possibility that edema toxin produces direct systemic vasodilation. This toxin could also inhibit the effects of vasopressor agents that function via cAMP suppression (12, 32) . It is less clear how the inotropic effects of edema toxin in the present study relate clinically. In canines, edema toxin doses producing hypotension and death did not alter LVEF (30) . However, preload and afterload changes occurring in vivo may confound the interpretation of these LVEF measures. Finally, mechanisms underlying depressed myocardial function with the lethal toxin doses used in in vivo models appear to require more time to manifest themselves than could be observed in isolated perfused hearts. In conclusion, delineating the myocardial and peripheral vascular effects of both edema toxin and lethal toxin will be important for better understanding and managing anthrax-associated shock.
